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Abstract 
 
Our study focused on vortex states in small star-shaped Mo80Ge20 plates. Vortex states are greatly influenced by the sample 
geometry, temperature and magnetic field, and could be exotic. We already have conducted experimental studies on small star- 
shaped Mo80Ge20 plates. In this work, we present the theoretical calculations on vortex structures in star-shaped superconducting. 
The numerical calculations of Ginzburg–Landau equation have been carried out with the aid of the finite element method, which 
is convenient to treat an arbitrarily shaped superconductor. We found that good agreement between theory and experiment. A 
distinctive feature of a star-shaped plate predicted is that the superconductivity is destroyed from the inscribed circle of the star 
when the magnetic field increases. Our theoretical studies will be compared to the experimental studies. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the ISS 2015 Program Committee. 
 
Keywords: Vortex states; Ginzburg-Landau calculations; SQUID microscope 
 
 
1. Introduction 
 
Interplay relationship between the magnetic field penetration depth λ and the sample size a of a bulk sample (λ « a yields to form 
a triangular lattice in the type ϩsuperconductors [1]. However, a situation is subjected to change drastically when one considers a 
small-sized superconductor O ҩa). Fertile features of having exotic vortex patterns would appear due to the interaction between 
vortex and sample boundary and the interaction between vortex and superconducting shielding currents. Choice of sample geometry 
is also relevant to consider the possible configurations. Some of exotic vortex patterns may be used to utilize for various 
superconducting devices. 
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The symmetric vortex structure has been investigated by using the regular polygons with mirror symmetric lines. For instance, 
with the same vorticity L, the vortex configuration is different in square and triangle plates [2]. Both theoretical and experimental 
approaches have used to explore the distribution of vortices, i.e., the nonlinear Ginzburg–Landau theory and the London 
approximation were used [3] [4] [5]. 
We have investigated star-shaped Mo80Ge20 amorphous thin films (Fig.1) by a scanning Superconducting Quantum Interference 
Device (SQUID) microscope [6] [7]. In this paper, we performed the Ginzburg-Landau calculations of  star-shaped 
superconducting small plates systematically to compare with experimental findings. 
 
 
 
Fig.1. Images taken by scanning SQUID microscopy of star-shaped Mo80Ge20 plate 
 
 
2. Theoretical 
 
To compare with scanning SQUID microscopy of star-shaped Mo80Ge20 plate [7], we performed the Ginzburg-Landau 
calculations of star-shaped superconducting small plates systematically to compare with experimental findings. The non-linear 
Ginzburg-Landau free energy used for the calculations is given by 
 
 
(1) 
 
 
where Δ(r) is an order parameter of a superconductor, A is a vector potential and H is the external magnetic field. The parameter β 
and α are a positive constant, α depends on temperature as α = α(0)(1- T/Tc). In this study, we consider that the temperature of the 
system is well below the transition temperature Tc, 
We used the finite element method [8], where the model consists of a number of triangles by specifying an order parameter Δ, a 
vector potential A, and a temperature T as follows. 
Δ(x,y) = N1 (x,y) Δ1㸩N2 (x,y) Δ2㸩N3(x,y) Δ3 (2) 
A(x,y) = N1 (x,y) A1㸩N2 (x,y) A2㸩N3(x,y) A3 (3) 
 
Ni(x,y) =( ai  㸩bi x  㸩ci y ) / 2Se ( i = 1,2,3 ) (4) 
 
where Δi and Ai are the values of the order parameter and the 
magnetic vector potential at i node, respectively. The relations 
ai = xi yk, bi = yiˉyk, ci  = xkˉyi, are defined using coordinates 
of nodes ( xi, yi, zk ) of the triangular element and Se is an area 
of the element. 
 
 
(a) 
3. Results and discussion 
 
In the thin film of thickness d, the effective penetration 
depth /eff is altered from the penetration depth O of the bulk 
sample as /eff = 2O2 / d. We calculated the distribution of 
vortex in a star-shaped plate, where we choose an inscribed 
circle radius r = Λeff , a circumscribed circle radius R = 
2.61Λeff. , and the Ginzburg-Landau parameter κ = 10. Since the penetration depth O(4 K) of the Mo80Ge20 film is 0.71μm, the 
(b) 
Fig2. (a) a triangular element. At each node, values of an 
order parameter and a magnetic; (b) Division of a star- 
shaped superconductor into triangular elements; triangular 
element. At each node, values of an order parameter and a 
magnetic vector potential are defined. 
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effective penetration depth of our sample Λeff(4 K) = 2Λ(4 K)2 / d ranges from 5 to 20μm. The magnetic field is applied in 
perpendicular to the star-shaped plate at a temperature of T/Tc = 0.5. The temperature of numerical calculations is in good 
accordance with our experimental measurements performed at T = 4 K (T/Tc = 0.55, Tc  = 7.3 K). Our Ginzburg-Landau 
calculations are in principle possible in the range of T/Tc = 0.0~1. 0, but the applicability of the Ginzburg-Landau theory would be 
limited due to the nonlinearity of the order parameter '. In our preceding studies [3][7], we empirically understood the Ginzburg- 
Landau calculations gave a good explanation for the experimental data taken at around t = T/Tc = 0.5. Applied magnetic field H 
was represented by a normalized magnetic field of h = H/Hc2. Fig.3 shows the distribution of order parameters in various magnetic 
fields to compare with experimental images. We obtained a good agreement between theory and experiment. 
 
 
 
(a) (b) (c) (d) (e) 
 
Fig 3. The distribution of order parameters in various magnetic fields in comparison with experimental images. 
(a) L= 2; (b) L=3; (c) L=4; (d) L=6; and (e) L=7. 
 
 
 
We also predict that the superconductivity is lost from the inscribed circle of the star in higher magnetic fields (Fig. 4). It is
interesting to investigate this behavior in our future works. 
 
 
 
(a) (b) (c) (d) 
 
Fig 4. The distribution of order parameters in higher magnetic fields. (a) h= 0.08; (b) h=0.09; (c) 
h=0.10; (d) h=0.20;. 
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4. Conclusion 
 
We performed the measurements of vortex distribution in a star-shaped plate of an inscribed circle radius r = Λeff and a 
circumscribed circle radius R = 2.61Λeff. The Ginzburg–Landau equation can be conducted by employing the finite element method 
of an arbitrarily formed shape to obtain the distribution of vortices inside. We performed the Ginzburg-Landau (GL) calculations of 
star-shaped superconducting small plates systematically. We obtained a good agreement between theory and experiment. We 
theoretically found that the superconductivity is lost from the inscribed circle of the star in higher magnetic fields. 
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